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Abstract

A circuit is described which is capable of tranamitting the output of an ultra-
stable oscillator or clock with an extremely high degree of accuracy to a moving
vehicle. First-order Doppler frequency shift of the form fv/c, as caused by the
velocity of the vehicle relative to the transmitting station, is cancelled, while
second-order Doppler of the form fvzl c2 is largely eliminated. Because of these
features, the circuit makes application of very stable frequency sources to vehicle
electronic systems possible to degrees of stability which could previously not be
achieved or even approached by several orders of magnitude.

Applications ofthe circuit include radio navigation, guidance, and tracking, as
well as data transmission, telemetry, and possibly communications involving earth
satellites, moon satellites, and interplanetary and other space vehicles.
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Precision Time or Frequency
Transmission to Moving Vehicles

1, INTRODUCTION

There appears to be a growing need for airborne and space-borne versions of
very stable oscillators for various applications like guidance, tracking, navigation,
snd others . The stability of such oscillators is limited because of the weight and
size requirements and the generally hostile enyironment on board of aircraft and
space vehicles caused by vibration, acceleration, also pressure, temperature,
and gravitational field variations, etc. The best oscillators presently available for
sirborne and space applications have long-term stabilities between one part in 108
and several parts in 1010. largely dependent on what size and weight can be allo-
cated for these units, and on the particular environment. Laboratory freq.ency
standards, on the other hand, have demonstrated long-term {requency stabilities
of the order of one part in 10“ and better. These are atomic or molecular reso-~
nance oscillators, often referred to as clocks, in a highly controlled environment.
Such clocks have been transported by airplane while operating, 1 but here the trans-
port of the operating standard from one point to another was the object of the flight
rather than to derive a standard time or frequency for navigation or gnidance pur-
poses during the flight.

It can be stated in general terms that ultrastable oscillators are being used on
the ground, whereas for airborne and spacecraft use one has to resort to.small,
lightweight, ruggedixed but less stable units. If a particular mission requires a
very stable frequency source on board a spacecraft - stable, let us assume, over
long periods of time to one part in 1()11 - then one has to utilize other means.

THeceived for publication, 27 February 1963)
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It the distance between a ground station and the space vehicle is fixed (for ex-
ample, a satellite in an ideal circular equatorial 24-hour orbit), one could simply
transmit a frequency that is derived from the standard to the vehicle where it would
arrive at precisely the same frequency, if a stable propagation medium is assumed.
1f the vehicle is in motion with respect to the ground station, then the frequency
arriving at the vehicle is not equal to the transmitted frequency because of Doppler
shift,

A system that is capable of transmitting the output of an ultrastable oscillator
or clock with an extremely high degree of accuracy to a moving vehicle is described
on the following pages.

3. PRECISION TIME OR FREQUENCY TRANSMISSION TO MOVING VEHICLES

Consider two stations, A and B, as depicted in Figure 1. Station A is located
on the ground; B is a space vehicle moving at a velocity v relative to A.

Figure 1

A stable oscillator is operating at A, generating a frequency f. This frequency is
transmitted from A. Station B receives f, = 1(1 £ v/c) because of the Doppler effect.
Factor c is the velocity of light. The sign of the v/c term depends on the direction
of motion of B relative to A. It is positive if B moves towards A, and vice versa.
Actually this (1 £ v/c) factor is an approximation used in place of the correct
expression ¢ Mv+c/(c -v). The approximation is very good at velocities much
lower than the velocity of light, causing only a second-order error of the form
\rzlc':z and higher-order terms which will be insignificant in many practical cases.
If the velocity of the vehicle relative to Station A is known, fl can be corrected
at B by adding or subtracting a frequency equal to fv/c in order to produce f. This
fv/c term will have to be generated with great accuracy if Doppler shift is to be
eliminated effectively, especially in the case of high velocity. An earth satellite,:
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for instance, with a velocity of 6000 m/sec could experience & Doppler shift of one
part in 105, 1f the frequency must be correctedtowithin one part in 1012, then tv/c
must be generated to within one part in 105, This seems difficult if not impossible
under vehicle-borne conditions. It is therefore advisable to cancel first-order
Doppler shift with a circuit, which is described elsewhere?’ 3 in detail, as shown
in Figure 2. All amplifiers and filters have been omitted.
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Figure 2

This circuit operates as follows:

Frequency { is generated in the oscillator at the vehicle (Station B) and trans-
mitted. Due to Doppler, f(1 £ w/c) is received at A and subtracted from af in the
first mixer, where 1<a <2. The output of the mixer is amplified and muiltiplied by
nin a multiplier-divider network; n is typically a mumbaer close to but not equal to
one, like 9/10, 11/10, 9/8, etc. The frequency nf (2 - a) is added in the second
mixer to produce nf(1 ¥ v/c), which is retransmitted. The two frequencies af and
nf(2 - a) are generated from a frequency v = {/p, a submultiple of f, in a synthesizer
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which under certain conditions can be a relatively simple frequency muitiplier, as
is shown in a practical example in the Appendix.

A very stable oscillator generates v which is to be transferred to the vehicle.
nf(1 ; v/c) undergoes a Doppler shift while propagating to the vehicle to yield
nf(l - vzlcz) at the antenna terminal. This whole process can be expressed in an
equation:

[laf - g0 2 v/ nopt2 - o)) 1 ¢ v/ci =nt(1 - v3/ch =g (1)
[ % \ addbd {n 2nd mixBr ) ¢

transmitted received at vehicle
from vehicle\ multiplier-divider
network
1st mixer Doppler shift . Doppier shift
injection vehicle-to- ground-to-vehicle
frequency ground propagation propagation

Thus the frequency received at the vehicle differs from the frequency transmitied
from the vehicle only by a second-order Doppler term, equal to fvzl cz. aside from
the fact that the frequency f generated at the vehicle has to be multiplied by the
factor n before it can be compared to the received frequency. It can also be noted
that the v2 /c2 term has a negative sign, regardless of the sign of the v/c term.

If the frequency of the vehicle-borne oscillator is deviating from f by an
amount equal to 4, then f(1 £ A) is transmitted and a frequency equal to

r o= [{af-10:8) 02 v/c)n+ a2 -a)) (1 v/e)=

= nf(1 - v2/cd) 7 Af(1 £ 2v/e + vi/cP) (2)

is received at the vehicle.
At low velocities the vzl cz term can be neglected, and the difference frequency
present at the output of the mixer at Station B, equal to the second term in Eq. (2),
can be used to generate an error signal in a frequency-<voltage transducer (dis-
criminator). This error signal in turn adjusts the frequency of the oscillator until
the frequencies that are generated and received at B are equal, and the error
signal vanishes. Figure 3 depicts the necessary circuitry at Station B.
error signal

servo discriminatoy
AFC

oscillator muitiplier xn | mixer f
PR |

Figure 3

P Tt emn e — e



L S R T A e A & RTHA w a — s

The maximum velocity of Station B relative to Station A at which this circuit can be
employed effectively depends on the degree of accuracy and stability of f required

at B. Figure 4 graphically represents the first-order and second-order Doppler
terms versus the vehicle velocity. It is apparent that the velocity may not be higher
than approximately 300 m/sec if the frequency accuracy is to be within or better
than one part in 1012. if the circuit described above is used. A maximum velocity
of 1000 m/sec can be tolerated for one part in 1011 accuracy. For higher velocities
and maximum accuracy of the frequency transfer, it becomes necessary to elimi-
nate the second~order Doppler frequency shift. Interplanetary missions, for
instance, may encounter velocities of the order of 50, 000 m/second. One has to
bear in mind that the velocities considered here are always relative to a point on the
earth. The earth itself is traveling at a mean velocity of almost 30, 000 m/sec in
its orbit around the sun, and relative vehicle velocities greater than this can occur
under certain conditions. From Figure 4 one will note that for v = 50, 000 m/sec the
second-order Doppler term has a magnitude of 3 X 10'8. If a frequency is to be
transmitted to the vehicle with an accuracy of one part in 1011, which corresponds
to the long-term stability of a good laboratory frequency stendara, the second-order
Doppler shift must be eliminated to within three parts in 104.

The circuit ahown in Figure 3 is capable of correcting the vehicle-generated
frequency with great accuracy. The error is approximately equal to fvzlcz. which
becomes obvious from the following derivation:

(1 £ A) is transmitted from the vehicle.

f(1:A)1tv/c)=f(1+v/ctA+Av/c)is received at Station A.

n [2f-1{1+tv/ict At Av/c)] = nf(l 3 v/c i A § Avk) is transmitted from

Station A.

' =anf(l Fvieci A& ¥ Av/e)l+v/e) = nf(1 - vzlpz) ¥ nAf(1 £ 2v/c + vzlcz)

is received at Station B. ' is subtracted from nf in the mixer at Staticn B.

The difference frequency is equal to m‘v'zlc2 7 Anf(l £ 2v/c + vzlcz).

The circuit in Figure 3 automatically corrects the oscillator frequency until
n!vzlc2 is equal to Anf(1 £ 2v/c + vzlcz), or

2,2
Af = f e—————— "~ fvzi‘cz- (3)

1tv/c+vee

If the velocity is known within the vehicle at all times, one can generate a bias
voltage proportional to vzlc2 and add this with the proper amplitude and polarity
to the output of the discriminator in Figure 3. The velocity can also be measured
and the proper bias be generated automstically with the circuit as shown in Figure
5. It is essentially identical to the circuit in Figure 2 including the modificaticn of
Figure 3, with a further modification. A frequency equal to mf is transmitted
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from Station A. It arrives at B as f" = mf(1 + v/c). A mixer with a local oscillator
frequency equal to mf as generated at Station B produces a diflerence frequency

mf - mf(l £ v/c) = mfv/c. (4)

This frequency is detected in a discriminator with a square characteristic, the out-
put of which is proportional to the square of the frequency. This output is used to
provide the first discriminator at B with a bias proportional to vzlcz. The degree
of accuracy with which these operations have to be performed depends upon the
relative vehicle velocity v and the accuracy requirement placed on the frequency
transfer from A to B.
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The above cited example of v = 50, 000 m/sec and the accuracy of f being one
part in 10“, requires that the bias voitagé which is fed to thé first discriminator
be produced with an accuracy of 3 parts in 10, For an earth satellite with
v = 6000 m/sec and a frequency accuracy requirement of 1 part in 10 11‘ the bias
voltage needs to be accurate to only 1 part in 30.

Obviously the accuracy of this circuit is limited. It is not capable of trans-
mitting a frequency accurately within 1 part in 10lz if the relative velocity is much
higher than 30, 000 m/sec because the vzh::2 term becomes too large. The v“"/c2
term can only be compensated for with a maximum accuracy of about 1 part in 10‘1
if a circuit as shown in Figure § is used. This accuracy can only be increased at
the expense of equipment complexity, which is necessarily connected with size and
weight increase. The circuit described here is intended to be used with satellites
and spacecraft, and its complexity was kept to a minimum while maintaining a very
high degree of accuracy consistent with present-day ground-based frequency stand-
ard stabilities and interplanetary space vehicle and earth satellite velocities.

At this point it is appropriate to make an estimate of the magnitude of the
error that is caused by the earlier used approximation for the Doppler frequency
shift;V(c + v)/(c - v) » 1t v/c. One obtains this expression by expanding Y{c+v)llc-v)
into a series, and then dropping all but the first two terms. The third term, inci-
dentally, is equal to }vzlcz. Table 1 gives values for v/c, vzlcz‘, viec + fvzlcz.
and\‘c+v)/ (c-v) - 1 for different velocities. It is apparent from Table 1 that the
error introduced by the approximation is very small up to relatively high velocities.
At a \}elocity of 30, 000 m/sec, for instance, the error amounts to only 5 ¢ 10'5,
that is 5-10 -5, vic=5 '10'9 absolute. The square-law discriminator in Figure 2
can be adjusted to compensate for this error.

Table 1
vm/sec | vic |v3/c? vie+ivd/c? Ac+v)c-v) -1
3.100 | 1077 | 1071* | 1.00000005-10°7 | 1.00000005-10""
3.104 | 1078 | 10712 | 1.0000005+10°® | 1.00000051078
3.103 | 107 | 1071® | 1.000005-10°% 1. 000005 - 10~
3.10 | 107 | 1078 1. 00005+ 10”4 1. 000050005+ 10”4
3.10%5 | 1079 | 1078 1.0005°10°3 1. 0005005+ 10"3
3.10% | 1072 | 1074 1.005-10°2 1. 00505+ 10~2
3.107 | 1071 | 102 1.05+107} 1.055- 10"}
3.108 1 1 .5 "
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The accuracy of this circuit is further limited by the fact that the propagating
time from the vehicle to the ground is finite, a fact which has been neglected in the
above deductions During a round trip of the signal from the vehicle to the ground
and back to the vehicle, the relative velocity might change because of acceleration
of the vehicle or rotation of the earth. Equation (1) can be modified to include this
case . Recalling Eq. (1):

£ = ot - v3/cd m
which developed from

£ = nf(1£v/e)1Fv/e),
we introduce

o+ A = o Dv,/e)1 £ vyle), (4)

where v, is the mean velocity of the vehicle relative to the ground during the time
the signal is propagating from the vehicle to the ground; \2) is the respective mean
velocity while the signal travels back to the vehicle, and Af' is the deviation of f'
caused by the velocity difference. Equation {4) can be developed further as follows:

f+ar = nfQiv,/ctvyle - vlvzlcz) . (5

To have {' becorne equal to nf, or to approach nf to within the required accuracy,
the quantity in parentheses must be equal to one or not deviate from one by more
than the tolerable inaccuracy. It is therefore obvious that

2
A= |V1/¢| -lvzlcl - vlvzlc (8)
must not be greater than the tolerable inaccuracy of the system. If the second-

order Doppler compensating circuit according to Figure 5 is used; a bias propor-
tionsl to vglcz will be added, and A reduces to

A= |V1/°| - lvzlcl‘ - V1V2/°2 + Y: /c2 s |v1/c| - |V3/O| - vz(v1 - vz)lcz (7)

The last term in Eq. (7) is very small as compared with the first two terms. It
becomes apparent that the error caused by a velocity variation during the propaga-
tion round-trip time can become rather significant, because first-order Doppler
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of the form fv/c is not effectively cancelied any more.

A potentially very large source of relative velocity variation is the earth itself.
A point on the equator moves at a velocity of 463 m/sec because of rotation of the
earth. Tue velocity v of a vehicle, which is traveling at a velocity v' relative to
the center of the earth in the earth's equatorial plane, is therefore varying accord-
ing to Eq. (8), provided that the distance is much larger than the earth radius
(Figure 8). ’

v = v'+ 463 gin rgfﬁt m/sec, t in sec. (8)
w = X
86400
wt

«— to terminal in space

terminal

on equato. 463 m/sec

Figure 6

The velocity variation is largest when the derivative of sin wt, which is coswt, is
at a maximum. This occurs when wt equals zero. The error A as caused by the
rotation of the earth can be evaluated by combining Eqs. (6) and (8).

. 12 _ 2. 2
A = 4 2 wt Vv 463 sin wt (9
¢

Equation (9) reveals the fact that, to a first-order approximation, A is not depend-
ent upon the relative velocity of the vehicle, but rather on the angle wt which is
proportional to the propagation time and the distance between the ground and space
stations.

Under certain conditicns, A can assume fairly large values. Let us assume
a practical case. A vehicle is located at a range of 4.5 1010 m, which is about
equal to the distance Earth-Venus during the first Millstone Hill radar contact in
1959, The round-trip durstion for a radio signal is 5 minutes at this range, during
which time the earth rotates 1.23°. The largest velocity variation according to
Eq. (8)occurs at or near 0°, or in this case between -0. 825° and +0. 825°, For the
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duration of propagation to the earth an average value for wt of 0. 3125°is assumed.
The value for the first term in Eq. (9) turns out to be 1. 68¢ 1078 and, considering
a relative velocity v of 50, 000 m/sec, Ais equalto 1.1 10'8. This assumed case
is highly unfavorable because a vehicle at very great range and traveling at ex-
tremely high velocity in the equatorial plane of the earth was considered, while a
vehicle in the vicinity of the planet Venus must not necessarily be in the earth's
equatorial plane because of the inclination of the axis of the earth with respect to
its orbital plane. If the vehicle is located at a point on the axis of the earth (above
the North or South Pole), the effect of the velocity variation due to the rotation of
the earth would vanish. The same can be effected by locating the ground station
at the North or South Pole. This is of course rather impractical, but one can
minimize the effect by placing the ground station at a high latitude.

Equations (8) and (9) can be modified to take the elevation angle of the vehicle
above the equatorial plane of the earth and the latitude of the ground station into
account, as presented in Eqs. (10) and (11):

v = v' + 463cosacosfsinwt (10)
A =-2:463cosacosfsinwt _ v?- 4632g992g99522§132w;, in
c 2
c

where a and B are the latitude of the ground station and the elevation of the vehicle
above the earth's equatorial plane, respectively.

Fquation (12) is obtained by combining Egs. (7) and (10) to ccnsider the second-
order Doppler compensating feature of the circuit according to Figure 5.

A =2:463cosacosBsinwt  2-483cosgcosfsinwt(v' -463cosacosfsinwt) (12)
c 2
c

Inspection of Eq (12) reveals the fact that the second term is proportional to v/ c2
rather than v-2/ c2 in Eq. (11), which does not consider reduction of second-order
Doppler.

It should also be pointed out that the effect of the earth rotation is equal to
zero, to a first-order approximation, if averaged over a 24-hour period. Further-
more, since the effect is a function of the location of the space station, the latitude
of the ground station, and the time of day, it i8 even possible to reduce this effect
considerably by introducing a bias signal, which takes all these factors into account,
into Discriminator 1 in Figure 5. A relatively simple computer would be required
to generate the necessary bias. The accuracy involved would not have to be
excessively great. If the effect of the earth's rotation is, for instance, 10'9
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and the required accuracy of the transmitted frequency is 10'“, then the hias
signal which is to correct for the rotation of the earth has to be generated with an
accuracy of 10'2 or one part in 100. Only linear, sine, and cosine functions are
involved. Sine and cosine functions compensating for earth rotation can be gener-
ated by means of a 24-hour clock coupled to a potentiometer. The 24-hour clock
can posaibly be driven synchronously by a frequency that is derived from the
standard frequency transmitted to the vehicle.

Let us consider 2 second example. An earth satellite is in a circular orbit in
the equatorial plane of the earth at a distance of 378,000 km, which is approxi-
mately equal to the mean distance to the moon. The ground station is at 60° latitude.
The time for round-trip propagation is equal to

3o!§o, o~ - 2.5 sec.

In Egs. (11) and (12), t = 2.5/4 = 0. 625 sec is used to obtain the mean angle wt.
Velocity v' is equal to zero in a circular orbit. A turns out to be 6.8« 10'11 in
both Eqe. (11) and (12), because only the first terms, which are equal in both
equations, are significant. A, inthis example, can be corrected by feeding a bias
proportionel to sin wt, of the propar polarity and magnitude, into Discriminator 1
in Figure 5. This bias does not have to be very precise. For a frequency trans-
mission accurate to 1 part in 1011, the bias must be accurate to one part in 6. 8 or
about 15 per cent. It could easily e generated by means of a clock driving a poten-
tiometer.

The ahove derivations and examples serve to show that the effect of the
rotation of the earth, together with large distances between earth and vehicle and
the associated long propagation times, can produce a significant error in the fre-
quency nf the gignal transmitted to the vehicle. Equations (6) and (7) hold for the
specific cases treated, as well as for the case where the relative velocity varies
because of an acceleration of the vehicle. To evaluate this situation, one must
modify Eqgs. (8) through (12) to include the velocity variation due to the accelera-
tion of the vehicle, in addition to the effect of the earth rotation.

It is also apparent from ths above examples that the effect of velocity varia-
tion on the frequency of the transmitted signal can be corrected by relatively
simple means, even in the case of great ranges like Earth-Venus, and very high
velocities of the order of 50,000 m/second.

3. CONCLUSION

On the preceding pages, a circuit is described which is suitable for transmitting
a signal to a moving vehicle. The frequency of the signal is largely unaffected by

L T ————_——————
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relative uniform or accelerated motion of the vehicle with respect to the ground
station. The frequency can be transmitted with an accuracy exceeding one part in
1012 at velocities and distances consistent with earth satellites and interplanetary
probes. First-order Doppler frequency shift of the form fv/c is automatically
cancelled, while second-order Doppler of the form fvz/c2 is reduced by several
orders of magnitude.

The circuit performs the cancellation of Doppler shift automatically. For the
Doppler cancelling feature, the signal must make a complete round irip from
Station A, the ground station, to Station B at the vehicle, and back to Station A.
To eliminate the fvzlc2 term, it is necessary that the velocity is known at the vehicle.

If the relative vehicle velocity during propagation from Station A to B is
different from the relative velocity during propagation from B to A, for a complete
round trip of the signal, due to acceleration of either one or both of the stations,
the accuracy of the frequency transmitted to Station B is degraded. This effect
can be reduced by several orders of magnitude by means of a modification of the
described circuit, if the acceleration function is known.

With the above-mentioncd features, the circuit makes frequency sources
available within the moving vehicle, with the accuracy and stability of atomic or
molecular standard-frequency oscillators. The standard oscillator itself can be
ground-based, in the necessary controlled environment. Only simple amplifiers,
oscillators, filters, mixers, etc., which can be ruggedized easily, are in the
vehicle.
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Appendix

The following practical example is chosen to illustrate possibilities for the
design of circuitry at Station A.

In order to minimize effects of frequency-dependent propagation anomalies,
n is chosen close to 1, in this example equal to 7/8. Frequency f = 240 Mc,
nf = 210 Mc, a = 14/13. The frequency at the output of the first mixer at Station A
i8 equal to (14/13 - 1)f = £/13 = 18.46 Mc which can be divided by eight and multi-
plied by seven by fairly conventional techniques. The frequency at the output of
the times-n network is equal to 7f/13¢8 = 16. 15 Mc which is brought to the second
mixer. Here nf(2 - a) = 21£/26 is added and 7/8 times f is obtained. In this case
the frequency synthesizer would be quite simple (Figure 7). The output of the fre-
quency standard operating at (1/26)f = 9. 23 Mc is multiplied by seven and yields
/26 = 64.615 Mc. Multiplying this by four yields the first mixer injection fre-
quency, 14f/13 = 258, 46 Mc, and the injection frequency for the second mixer
through multiplication by three, 21f/26 = 183. 85 Mc.

7£/26 = 64. 615 Mc
14£/13 = 21f/28 =
258, 46 Mc 193. 85 Mc

- x4 | x7 ™ x3

Tf/26 = 9. 23 Mc

© 08¢C

Figure 7
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f = 240 Mc 71/8 = 210 Mc

preamp. amplifier

(7/8)(£/13) = 16.15

) T
l £/13 = 13. 46 Mc

mixer filter > mixer
#1 > amplifier » x7/8 #2
14£/13 = 21£/26 =
258. 46 Mc T "1/26 = 64. 615 Mc I 193. 85 Mc

x4 g———————— x1 p————" 3

I{/26 = 8.23 Mc

o T

Figure 8.

The block diagram in Figure 8 depicts the complete circuit at Station A for the chosen
example.

In several cases it will not be necessary to have transmitted and received fre-
quencies close together to avoid frequency shifts due to propagation anomalies.
Such shifts would be very small at microwave frequencies, if at all present, and
probably negligible in many instances. If the ground-to-vehicle frequency is a
multiple of the vehicle-to-ground frequency, the circuit simplifies considerably
because frequency division is not necessary. The factor n would be an integer.
The circuit simplifies even more if the mixer injection frequencies in Figure 8
are equal. For n = 2, for instance, this is the case if a = 4/3; and for n = 3, a has
to be equal to 3/2.
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